In most plasmids which have been studied to date the functions required for plasmid replication are clustered in a 2-3 kb region. However, in all known naturally occurring plasmids of the Escherichia coli incompatibility group P the essential replication functions, oriV, the vegetative replication origin and trfA, which encodes proteins essential to activate oriV, are separated by blocks of DNA consisting of either known genes conferring resistance to antimicrobial agents and/or putative transposable elements. Nucleotide sequence comparisons reported here reveal that these blocks of DNA have inserted at different points into a backbone of DNA common to IncP plasmids. The results indicate that in the common ancestor of present IncP plasmids oriV and trfA must have been contiguous, whilst a pindependent transcriptional terminator, now lost in IncPa plasmids, may have prevented trfA operon transcription from interfering with the activity of ori V.
Introduction
Dissection of naturally occurring conjugative plasmids such as members of the IncF family has generally shown that both replication and transfer genes can be isolated in contiguous blocks of related functions (Womble & Rownd, 1988) . The basic replication apparatus of most plasmids can be isolated in a 2-3 kb segment (Couturier et al., 1988) . In contrast, the basic replication functions of plasmids belonging to the Escherichia coli incom-Pn, penicillin; Sm, streptomycin; Su, sulphonamide; Tp, trimethoprim.
The nucleotide sequence data reported in this paper have been submitted to GenBank and assigned the accession numbers L13264 (R751 trfA-Tn4322), X01751 (R751 Tn4322-oriV) and L13265 (R906 trfA-ori V).
patibilitygroup Pcannot beisolated on asmallcontiguous segment (Thomas et al., 1980) . This is partly because the replication functions are part of a large set of coordinately regulated genes which are potentially host-lethal if not accompanied by plasmid-encoded repressor functions (Figurski et al., 1982 ; Thomas & Smith, 1987) . However, it is also due to the fact that in all naturally occurring IncP plasmids so far studied, the basic replication functions, ori V, the vegetative replication origin and trfA, which encodes proteins essential to activate oriV, are separated by blocks of DNA which encode known phenotypic markers and/or putative transposable elements (Villaroel et al., 1983; Smith & Thomas, 1987 , 1989 . It is therefore unclear whether there was ever an ancestral clustered IncP replication system analogous to that found in other plasmids. To investigate this we have analysed the DNA sequences between oriV and trfA for a number of different IncP plasmids.
Naturally occurring IncP plasmids have been divided into two subgroups : IncPa, consisting of the majority of known IncP plasmids; and IncPP, consisting of R751, R906, R772 and pJP4 Chikami et al., 1985; Lanka et al., 1985; 0001-8112 0 1993 SGM . Heteroduplex analysis (Villaroel et al., 1983) and restriction mapping (Currier & Morgan, 1981) have shown that all the IncPa plasmids differ primarily only by the insertion/deletion of transposable elements. Since all IncPa plasmids carry tetracycline resistance it seems likely that they all have oriV and trfA separated by the tet genes as found in the best-studied IncPa plasmids RK2/RP4/RPl/R68/R18 (Thomas & Smith, 1987) . In contrast, R751 (TpR) (Jobanputra & Datta, 1974) and R906 (PnRSmRSuRHgR) (Hedges et al., 1977) do not confer tetracycline resistance and originally we hypothesized that they might carry contiguous oriV and trfA functions. Whilst this is not the case, oriV and trfA, still being widely spaced in both plasmids (Smith & Thomas, 1987) , the putative transposable elements which separate them are different, suggesting the possibility that they arose by different insertion events at different sites. We have therefore determined and compared DNA sequences in this region of RK2, R751 and R906 to see if it is possible to deduce the structure of an ancestral IncP replication system. The general conclusions of the results described here have been referred to previously in a review (Smith & Thomas, 1989 ).
Methods
Bacterial strains, growth conditions and plasmids. Escherichia coli K12 strains MVIONalR (thr leu thi tonB galK trpE5 nalA) (from D. R.
Helinski, Department of Biology, UCSD, La Jolla, CA 92093, USA) or JM83 (Vieira & Messing, 1982) were the bacterial hosts. L Broth (Kahn et al., 1979) and L agar (L Broth solidified with 1.5 YO, w/v, agar) were used, supplemented where appropriate with antibiotics : benzyl penicillin at 300 pg ml-I in solid and 100 pg ml-' in liquid media for PnR and ApR; kanamycin sulphate at 50 pgml-' for KmR; trimethoprim at 100 pg ml-' for TpR; streptomycin sulphate at 30 pg ml-' for SmR. Previously described plasmids were R751 (Jobanputra & Datta, 1974) , R906 (Hedges et al., 1977) , pCAS212 (Smith & Thomas, 1985) and pV1128.1 (Shingler & Thomas, 1984) . pV1128.1 has an EcoRI site, introduced by transposon mutagenesis, 345 bp downstream of the trfA stop codon ( Smith & Thomas, 1984) and was thus helpful for obtaining sequence downstream of tgA. Plasmids not described previously are as follows. pCAS 182 consists of the SphI to SalI fragment of R751 from coordinate 16-9 to 14.45 kb (Fig. 1 b) , inserted between the SphI and SalI sites of pUC18 (Norrander et al., 1983) . pCAS184 is the XhoI to SalI fragment of R751 from coordinate 14.55 to 14.45 ( Fig. 1 b) , inserted into the SalI site of pUCl8. pCAS270 is the PstI to Hind111 fragment of R751 from coordinate 14-5 to 13.0 (Fig. 1 b) , inserted between the PstI and Hind111 sites of pUC18. pCAS258 and pCAS256 are TaqI fragments of R906, respectively comprising base pairs 107 to 297,297 to 600 bp of the sequence in Fig.  3 , inserted into the ClaI site of pBR322 (Bolivar et al., 1977) . pCAS285 is the SalI fragment of R906 from coordinate 11.0 to 100 kb ( Fig. 1 a) , inserted into the Sun site of pUC18. pCAS290 is the PstI to SphI fragment of R906 from coordinate 10.05 to 6.7 kb (Fig. 1 a ; Smith & Thomas, 1989) , inserted between the PstI and SphI sites of pUC18. Plasmids pMIK2.1,3.1,5.1,6.1 and 8.1 have a structure identical to pVI128.1 (Shingler & Thomas, 1984) except that the location of the EcoRI site introduced by transposon mutagenesis with Tnl723, which contains EcoRI sites 15 bp from each end, differs, being 905,590, 1070, 400 and 140 bp downstream of the trfA gene, respectively. These plasmids had been isolated by V. Shingler at the same time as those described by Shingler & Thomas (1984) but were not characterized. pCT800 consists of the BglII to XhoI fragment of R751 (coordinates 12.0 to 14.7 kb, Fig. 1 b) inserted between the BamHI and SalI sites of pBR322.
DNA manipulations and sequencing. Plasmid DNA was isolated by the method of Birnboim & Doly (1979) for small-scale preparation and by a modified version of this method for large-scale preparation (Smith & Thomas, 1983) . Manipulation and analysis of DNA was essentially as described by Maniatis et a/. (1982) . DNA sequencing was carried out by the method of Maxam & Gilbert (1980) with minor modifications (Smith & Thomas, 1984) and by the chain termination method of Sanger et al. (1977) using a Sequenase 2.0 kit from USB. Computer manipulations of the DNA sequence were carried out using the University of Wisconsin GCG package (Devereux et al., 1984) .
Results and Discussion
Relationship between trfA and oriV in IncP/3 plasmids R751 and R906
Our Southern blotting previously indicated that oriV and trfA are not adjacent in R751 and R906 (Smith & Thomas, 1987) . However, comparison of the restriction maps of these regions of the two plasmids ( Fig. 1) showed that a pair of PstI and SaZI restriction sites may be conserved between the two plasmids and that in R751 they are adjacent to trfA, whilst in R906 they are adjacent to oriV. This suggested that the putative transposable elements between oriV and trfA may be inserted at different locations. We therefore determined the DNA sequence around the ends of these putative elements and compared the results of this sequencing for R751 and R906. Fig. l ( a ) shows that part of the sequences LH (lefthand side as shown in the Figure) and RH (right-hand 
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Putative pindependent terminator nucleotides to show the complete disappearance of homology after the trfA stop codon. R906 sequence is only included to show the almost complete conservation of sequences downstream of trfA including the putative transcriptional terminator. The RK2 sequence is derived from Smith & Thomas (1984) , the R751 sequence (unpublished) is derived from pCAS182 and pCAS184, whilst the R906 sequence comes from Smith & Thomas (1987) .
removing the transposon-like element and one of the 5 bp duplicated sequences. Fig. l(b) shows that parts of LH and RH from R751 can be aligned with a continuous sequence from R906. However, this does not create an overlap between LH and RH but rather creates a gap of 24 bp. The sequences not homologous to R906 show homology to Tn50I and Tn21 suggesting the presence of one or more elements in the same family as the element which disrupts the R906 backbone. However, in contrast to the element in R906, Tn4321 present in R751 does not encode any known phenotypic markers and is considerably shorter, being only 4.5 kb in length. The gap in the R751 sequence relative to the R906 sequence could be due to loss of IncP backbone DNA by R751 or gain of extra DNA by R906. Two facts suggest the former possibility. First, as shown below (Fig. 3) there is some homology between the R906 sequences present in the gap region and RK2 sequences and the spacing of highly homologous sequences is conserved between these two plasmids, suggesting that the R906 DNA resembles the original IncP backbone. Second, the absence of duplications on either side of the Tn4321 element suggest that the present DNA sequence was not the result of a simple insertion event. It seems likely therefore that the gap resulted either from two closely spaced insertion events of related transposable elements followed by a heterospecific resolution event or from the original element causing a deletion of DNA adjacent to the original site of insertion.
From the results of these sequence comparisons it is therefore possible to reconstruct the likely organization of the ancestral IncPP plasmid as summarized in Fig. 5 .
Relationship between trfA and oriV in IncPa and IncPa plasmids
Since it appears possible to reconstruct an ancestral IncPP plasmid it was of interest to determine the extent to which this organization is also conserved in IncPa plasmids. To establish the relationships between the IncP backbone sequences in the trfA-oriV region we first compared the sequences from R751 and R906 running towards trfA with those of RK2, which include trfA, and the sequences between trfA and tetA, which were determined using plasmids pVI 128.1 and pMIK2.1, 3.1, 5 . 1 , 6.1 and 8.1. The result (Fig. 2) shows that there is a high degree of homology between IncPa and IncPP plasmids within the trfA ORF itself. Of the 34 amino acids shown in this figure, 30 (88%) are completely conserved. The four non-identical amino acids show one highly conservative substitution (Glu/Asp), whilst three substitutions are less conservative (Gly/Glu, Ser/Asn, His/Ser). This high degree of conservation is not surprising for a protein whose function is essential for plasmid survival and is consistent with the observation that both IncPa and / 3 trfA genes can activate both a andB oriVregions (Smith & Thomas, 1985) .
In contrast to this high degree of conservation, the IncPa and IncPP sequences diverge immediately after the stop codon for the trfA ORF and no homology is observed in the tpfA tetA region. The IncPp sequence downstream of the trfA ORF is highly conserved between R751 and R906 and contains a region with the characteristics of a p-independent transcriptional terminator. No such sequence is found downstream from the IncPa trf ORF. The position of the IncPP terminator would prevent trfA transcription from entering oriV and possibly interfering with oriV function. It may therefore have been an essential element of a clustered trfA/oriV region segment. In IncPa plasmids the presence of tetA and tetR between trfA and oriV may have removed the pressure to retain this feature, since tetR is followed by a terminator which would ensure that little trfA transcription enters oriV. The need to protect oriV from such transcription is confirmed by the demonstration that the inability to clone the trfA operon of RK2 in the absence of korA, which represses the trfA promoter, is due to the strength of the trfA promoter (Ayres et al., 1991) .
Comparison of the IncPa oriV sequences with the IncPP oriV backbone sequences (Fig. 3) indicated that significant homology continues until close to the BglII site upstream of oriV in RK2. Therefore the IncPP plasmids also have the regions containing the single repeat and the group of three tandem repeats (iterons) to which TrfA protein binds (Pinkney et al., 1988; Perri et al., 1991) . Whilst one of the iterons in the group of three has not been conserved in R906, this general conservation suggests that these sequences have some significance relative to oriV function even though they are not essential for replication. This is consistent with our finding that their presence can modulate plasmid copy number . There are minor divergences in the TrfA iterons which in RK2 have the consensus TGACA'/G~/ATGAGGGGC. The T at position 6 in repeat 1 of R751 is also found in repeat 9 of RK2. All of the repeats of R906 have CT at the variable positions, whereas in RK2 they alternate between CT and AG. Finally repeat 2 of R751 and repeat 3 of R906 has the sequence GGGGGG instead of GAGGGG in the second part of the iteron. The effect of this change on iteron function is not known.
It is not just the regions which contain the repeats to which TrfA binds that are conserved between all three plasmids. Some other regions, for example the region from base 340 to 400 in Fig. 3 , show even more remarkable conservation. In addition, in the region between the XhoI and the site of the first TrfA-binding repeat the IncP/? plasmids contain a novel series of five direct repeats (Figs 3 and 4) . A feature which may be of interest is that repeats 1-4 are immediately preceded by a hexanucleotide restriction site (XhoI, PstI, SalI and ApaI, respectively). Repeat 5 has the sequence GGATCTC, which is just one mismatch from a BamHI site. The idea that this might be some sort of recombination region associated with multiple restriction systems encountered in diverse bacteria is intriguing.
From the above comparison we can conclude that in IncPa plasmids the tet genes were inserted into the backbone of a common ancestor and that possibly a series of events have resulted in the loss of some IncP sequences as well as of the putative transposable element sequences responsible for the original insertion of the tet genes. However, our results do not help to establish the relationship between the RK2 tet genes and those in Tn1721 to which they are closely related (Waters et al., 1983) . Fig. 5 summarizes our conclusions about the organization of the minimal replication system of IncP plasmids. It is intriguing to note that the region between tvfA and oriV has been subject to insertion/deletions on a number of separate occasions during evolution of IncP plasmids. The concentration of such events in just a few regions may be the consequence of much of the plasmid being occupied by a series of closely packed operons involved in either plasmid conjugative transfer or maintenance and therefore essential for normal plasmid survival.
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